Abstract: Diseases and insects, particularly those that are non-native and invasive, arguably pose the most destructive threat to North American forests. Currently, both exotic and native insects and diseases are producing extensive ecological damage and economic impacts. As part of an effort to identify United States tree species and forests most vulnerable to these epidemics, we compiled a list of the most serious insect and disease threats for 419 native tree species and assigned a severity rating for each of the 1378 combinations between mature tree hosts and 339 distinct insect and disease agents. We then joined this list with data from a spatially unbiased and nationally consistent forest inventory to assess the potential ecological impacts of insect and disease infestations. Specifically, potential host species mortality for each host/agent combination was used to weight species importance values on approximately 132,000 Forest Inventory and Analysis (FIA) plots across the conterminous 48 United States. When summed on each plot, these weighted importance values represent an estimate of the proportion of the plot's existing importance value at risk of being lost. These plot estimates were then used to identify statistically significant geographic hotspots and coldspots and of potential forest impacts associated with insects and diseases in total, and for different agent types. In general, the potential impacts of insects and diseases were greater in the West, where there are both fewer agents and less diverse forests. The impact of non-native invasive agents, however, was potentially greater in the East. Indeed, the impacts of current exotic pests could be greatly magnified across much of the Eastern United States if these agents are able to reach the entirety of their hosts' ranges. Both the list of agent/host severities and the spatially explicit results can inform species-level vulnerability assessments and broad-scale forest sustainability reporting efforts, and should provide valuable information for decision-makers who need to determine which tree species and locations to target for monitoring efforts and pro-active management activities.
Introduction
Forest insects and diseases, particularly those introduced from overseas through international trade, are having widespread and substantial impacts on the ecological function and economic value severity ratings, overall and for different agent groups, with the importance value of each tree species on approximately 132,000 plots within the U.S. Forest Inventory and Analysis (FIA) program of the United States Forest Service [29] . This allowed us to calculate plot-level indicators of potential impacts by insects and diseases, which were then summarized at scales relevant for conservation assessments. Additionally, we were able to detect geographic patterns of potential impacts [30] by forest insects and diseases in total, and within different agent groups, including those that are exotic and invasive.
The overall objective of this set of analyses was to identify regions at greater risk of significant ecological and economic impacts from forest diseases and insects, particularly for those that are exotic and invasive within the continental United States. This will allow for the selection of areas for finer-scale monitoring and analysis efforts relating to the impacts of forest pests, and potentially for management activities geared toward minimizing these impacts.
Materials and Methods

Insect and Disease Agents and Severity Ratings
Following a thorough literature review of more than 200 sources, we identified and documented as many as five of the most serious insect, disease and parasitic plant threats facing each of 419 tree species native to the conterminous United States and Alaska. Since our focus was on identifying the most important causes of mortality of mature trees, we excluded agents that primarily affect reproductive structures (e.g., fruits and flowers) or seedlings. The resulting list (Table S1 ) includes impactful agents regardless of whether they are exotic or native, as long as they are documented as potential threats to host tree species in North America, because both exotic and native insects and diseases are known to have important impacts on native trees. Insect and disease agents not yet in North America could seriously impact native tree species following long-distance transport through international trade [31] , but we are unable to predict exactly which may threaten any particular tree species, so we did not include the possibility of future infestation by as-yet unestablished insect and disease agents in this study. We assigned a severity rating for each host/agent combination, with a rating of 10 given to those resulting in near complete mortality of all mature host trees (generally more than~95 percent), or an inability to reproduce sexually as a result of the infestation; 9 to those resulting in near complete mortality in a congeneric host species [32] ; 8 to those resulting in significant mortality of mature host trees (generally more than~25 percent and less than~95 percent); 5 to those causing moderate mortality of mature host trees (generally more than~10 percent and less thañ 25 percent); 3 to those resulting in more moderate mortality in association with other threats (such as drought stress) (generally more than~1 percent and less than~10 percent); and 1 to those causing minor mortality, generally to host trees that are already stressed (generally less than~1 percent). In some cases, taxonomically related groups of tree species, such as genera or sub-generic sections, were considered hosts to an agent when the literature indicated this was the case, such as Armillaria root disease (Armillaria spp.) in Larix and Pinus; tent caterpillars (Malacosoma spp.) in Prunus; and oak wilt in oaks, with different severity levels for white oaks (section Quercus) and red oaks (section Lobatae). Twenty-two forest entomologists and pathologists, from across the geographic regions of the continental United States, reviewed the list of threats and the associated severity ratings. The severity data were adjusted as necessary following the review.
Taxonomy and nomenclature were sometimes challenging while assembling this list, especially for disease agents. When possible, we followed the nomenclature of Westcott's Plant Disease Handbook [33] and a list of forest insect and disease agents maintained by the United States Forest Service's Forest Health Protection program [34] . For host tree species for which we identified more than five serious agents, we ranked the agents by severity and then dropped those beyond the fifth with lower severity ratings. In only one case was a dropped agent rated as more severe than a 3; this single exception was Douglas-fir dwarf mistletoe (Arceuthobium douglasi Engelm.) for Douglas-fir, which had a severity of 5. When there were agents with severity rating ties, we tried to retain the agents affecting a broader geographic area.
When possible, we characterized each of the agents as non-native, native or of unknown/unresolved nativity, based on existing literature. We also divided the agents by taxon (insects, pathogens, or parasitic higher plants), and further divided the insects into three feeding guilds (foliage-feeders, phloem-or wood-borers, and sap-feeders) based on designations from Liebhold and others [20] .
The foundation for the set of 419 host tree species in this assessment was the list of 362 native tree species inventoried by the national Forest Inventory and Analysis (FIA) program of the U.S. Forest Service [35] within the conterminous 48 United States and Alaska, excluding any of hybrid origin. FIA omits from its inventory list some tree species that are rare or highly limited in their distribution, so we expanded the list with an additional 57 species that are included in a series of U.S. Forest Service publications that outline the distributions of U.S. woody plants [36] [37] [38] [39] . The additional species consistently meet the FIA definition of a tree as a woody perennial plant that generally has a single well-defined, self-supporting upright stem (not a vine) with a crown of foliage, and that has a height of at least 4.75 m at maturity and a stem diameter of at least 7.62 cm. Nomenclature and taxonomy for all 419 host tree species were based on the USDA PLANTS database [40] .
We analyzed the composition of the list in several ways. We counted the number of individual agents and host/agent combinations, and determined the number of each within agent taxonomic group (insect, disease or parasitic plant), insect guild, and native or non-native status. We calculated the number of tree species that are hosts for each of the agent taxonomic groups and guilds, and for non-native insect and disease agents. We determined the number of host/agent combinations that involve, respectively, diseases, insects, and parasitic plants, and analyzed the severity of these combinations by taxonomic group, insect guild, and by whether the hosts are angiosperms or gymnosperms. We compared the severity of insect agents and disease agents, and the severity of agents affecting angiosperms and gymnosperms, using an exact two-sample Wilcoxon rank-sum test [41] conducted with the NPAR1WAY procedure in SAS 9.4 [42] , with p-values generated by 10,000 Monte Carlo runs. We further calculated the number and mean severity of the combinations by host species family.
Geographic Patterns of Potential Forest Importance Value Loss
We assessed the potential ecological impact of important forest insects and diseases within a geospatial context by combining our list of agent severities with a spatially unbiased and relatively high intensity national inventory of forest plots. Specifically, we used tree occurrence data from 132,421 Forest Inventory and Analysis plots across the conterminous 48 States to calculate importance value at risk (IVAR) across the species located on each plot. (Because comparable FIA data are available for only a small part of Alaska, we were not able to include that State in this set of analyses.) This dataset encompassed approximately 3.5 million trees. The FIA program, which is administered by the U.S. Forest Service and is the principal source of information about the extent, condition, status and trends in United States forest resources across all ownerships [43] , provides the most comprehensive forest database currently available [44] . It maintains a national network of permanent fixed-area forested plots (each approximately 0.067 hectares) on which inventory crews collect a wide variety of data using standardized protocols [35] . With a national sample intensity of approximately one plot per 2428 ha [29] , it is an unparalleled source of forest information across the United States.
To determine the IVAR for each plot, we first calculated the importance value (IV) [45] for each species present on each FIA plot as the mean of the species' abundance and basal area relative to the abundance and basal area of all the species on the plot (both therefore on a scale of 0 to 100). We then multiplied these IVs by each host species' potential survivability associated with its set of insect and disease agents to generate a species-level survivability-weighted IV for the plot. These were summed across all the component species on the plot, with this number then subtracted from 100 to calculate the plot-level IVAR, as IVAR is the opposite of survivability.
Determining the potential survivability for each host species required assigning potential survivability to each of its insect and disease agents, as follows: near complete mortality of mature trees, 0.01; near complete mortality in a congeneric species, 0.1; significant mortality of mature trees, 0.25; moderate mortality of mature trees, 0.9; moderate mortality in association with other threats, 0.95; and minor mortality, usually of already-stressed trees, 0.99. These survivability values, one for each agent affecting the host, were then multiplied across the agents for each host species to generate the species' overall predicted survivability that accounts for the potential for impacts from multiple pest agents. Where possible, we accounted for the geographic extent of exotic insect and disease agents by limiting their impacts to plots within the counties in which they have been confirmed to exist. This information was available from the Alien Forest Pest Explorer database [46] for 39 exotic insects and diseases included in our assessment, encompassing all of the most severe of these affecting native tree species. No comparable source was available for agents native to North America.
To assess the potential impacts of different agent groups, we separately calculated host tree survivability values associated with all agents, with the three main taxonomic groups (insects, diseases, and parasitic plants), with exotic insects only and with native insects only, and with insect feeding guilds (foliage-feeders, wood-borers, and sap-feeders). This information was then used to determine separate plot-level IVARs for each agent group, as explained above. To test the worst-case impact scenario relating to the 39 exotic agents with county-level occurrence data, we separately calculated plot-level IVAR under the assumption that these agents will be able to spread to the entirety of all the plots containing their host species, not just to the plots within the counties where the agents have been detected thus far. All plot-level results were aggregated to 834 km 2 hexagonal cells (n = 6420) across the conterminous 48 states. These hexagons, which were derived from the North American hexagon coordinates of the Environmental Monitoring and Assessment Program (EMAP) [47] , are of an area helpful for making management and monitoring decisions across broad scales [48] . Hexagons containing fewer than four FIA plots were not included in any analysis.
To identify areas with higher and lower than expected IVAR, we applied the spatial association of scalable hexagons (SASH) approach [48] separately across all agents, for exotic insects (two scenarios) and native insects only, for the three main taxonomic groups (insects, diseases, and parasitic plants), and for insect feeding guilds (foliage-feeders, wood-borers, and sap-feeders). The two exotic species scenarios were (1) limited to the counties in which the 39 species have currently been detected and (2) inclusive of all occurrences of the host species they infest (under the assumption, described above, that the agents will be able to spread throughout the distributions of their hosts). The SASH method uses equal-area hexagonal cells across a region of interest and a Getis-Ord (G i *) hotspot analysis [49] in ArcMap ® 10.3 [50] to identify locations with higher-or lower-than-expected values of an indicator. For this set of analyses, we determined the mean IVAR across the FIA plots in each of the 834 km 2 hexagonal cells described above. The G i * statistic is a standardized z-score with a mean of 0 and a standard deviation of 1, with values < −1.96 representing significant spatial clustering (p < 0.025) of lower mean plot-level survivability (and therefore higher IVAR scores, as these are the opposite of survivability) and values > 1.96 representing significant spatial clustering (p < 0.025) of higher survivability (and therefore lower plot-level IVAR scores). G i * sums the differences between the mean values in a local sample, determined here by a moving window of each hexagon with its six immediate neighbors and 12 second-order neighbors, and the mean of all the forested hexagonal cells across the conterminous United States.
Results
Insect and Disease Agent Summary
We tallied 339 insect and disease agents (Table S2 ) affecting the 419 host tree species from the continental United States and Alaska, with a total of 1378 unique host-agent combinations (Table S1 ). The agents encompass 168 diseases, 151 insects, and 20 parasitic higher plants. Among the insect agents, 77 are phloem or wood-borers, 51 are foliage-feeders, and 23 are sap-feeders. Of the agents, 142 are confirmed as native and 55 as exotic, and 142 are either of unknown or disputed nativity. European gypsy moth (Lymantria dispar dispar L.) was the insect that had the most tree hosts (65), followed by Asian longhorned beetle (Anoplophora glabripennis Motschulsky) with 43, and twolined chestnut borer (Agrilus bilineatus Webster) with 31 (Table S2 ). All three are exotic invasives; forest tent caterpillar (Malacosoma disstria Hübner) was the native insect with the most hosts (28) . Oak wilt (Bretziella fagacearum (Bretz) Z.W. de Beer, Marinc., T.A. Duong and M.J. Wingf.), another exotic agent, was the disease with the most tree hosts, having 61, followed by Hypoxylon canker of oak (Biscogniauxia atropunctata var. atropunctata (Schwein.) Pouzar) with 55, and Armillaria root disease (Armillaria spp.) with 35 .
Fifteen host tree species had a maximum insect or disease agent severity of 10, six had a maximum severity of 9, 81 had a maximum severity of 8, 83 had a maximum severity of 5, 86 had a maximum severity of 3, and 104 species had a maximum severity of 1. Forty-four of the host species did not have any identified insect or disease agents. Approximately half of the host tree species (228 or 54 percent) were infested by at least one exotic insect or disease agent. Of these, 134 tree species were infested by two or more agents, 29 by three or more, and four by four agents (river birch [Betula nigra L.], Ozark and Allegheny chinquipin [Castanea ozarkensis Ashe and C. pumila Mill.], and black willow [Salix nigra Marshall]). The mean number of exotic agents per host species was just under 1 (0.95). Nearly as many of the host tree species, 317, were affected by at least one insect agent as were affected by one or more disease agent, 337. Sixty-eight, meanwhile, had a parasitic plant agent. More than half of host species, 224, were impacted by a phloem or wood-borer. Meanwhile, 178 had foliage-feeding and 83 had sap-feeding insect agents.
Of the 1378 host/agent combinations, 709 (51.5 percent) involved diseases, 601 (43.6 percent) involved insects, and 68 (4.9 percent) involved parasitic plants. The diseases were the most severe on average (2.65 on a scale of 1 to 10), compared to 2.44 for insects and 2.12 for parasitic plants. Of the 15 host/agent combinations with the highest severity (10), seven each involved an insect or a disease, and one was an interacting complex of an insect and a disease (laurel wilt/redbay ambrosia beetle). Among the 601 host/insect combinations, the 295 phloem-and wood-borers were the most severe (3.27), compared to the 2.26 for the 93 sap-feeders and 1.96 for the 213 foliage-feeders. Only 396 of the host/agent combinations involved agents known to be exotic; these had an average severity of 4.02, while the 544 combinations involving known native agents had an average severity of 2.19. Approximately two-thirds (261) of the 396 host/exotic agent combinations included insects, but the severity of the 135 disease agents was significantly higher (mean of 5.68 vs. 3.16) when compared using an exact two-sample Wilcoxon rank-sum test. Among the host/agent combinations that included exotic insects, the most severe on average were the 85 involving phloem-or wood borers (4.72), followed by the 71 involving sap-feeders (2.54), and the 105 involving foliage-feeders (2.31).
More than two-thirds (962) of the host/agent combinations involved angiosperm species, with therefore less than one-third (416) involving gymnosperms. The severity of the gymnosperm/agent combinations, however, was significantly higher (mean 2.75 vs. 2.41) according to an exact two-sample Wilcoxon rank-sum test. At the same time, approximately 84 percent of the 396 exotic host/agent combinations involved an angiosperm species, with a significantly higher mean severity than for gymnosperms (4.14 vs. 3.39).
Among host families, Pinaceae encompassed the most species affected by any insect or disease agent (68), followed by Fagaceae (65), Cupressaceae (33) , and Rosaceae (30) ( Table 1) . For exotic agents, however, Fagaceae had the most affected hosts (65) , with Pinaceae second (30) , Sapindaceae third (19) , and Salicaceae fourth (18) . The same families had the most host/agent combinations, though in a different order, both for all agents (Pinaceae (307), Fagaceae (281), Rosaceae (111), and Cupressaceae (103)) and for exotic agents (Fagaceae (124), Salicaceae (41), Pinaceae (40) , and Sapindaceae (35)). Not surprisingly, these are the families encompassing the most tree species in North America, all of which are geographically widespread. The mean severity of host/agent combinations by family followed a different pattern, however. The families with the highest mean severity across all agents (and having more than five total combinations) were Ulmaceae (4.77), Oleaceae (4.23), Pinaceae (3.12), and Fagaceae (3.11). For exotics, these families were Oleaceae (5.97), Fagaceae (5.13), Ulmaceae (4.93), and Sapindaceae (4.51). 
Geographic Patterns of Potential Insect and Disease Impacts
We conducted a series of geographic analyses of the potential impacts of insect and disease agents across the conterminous 48 States (excluding Alaska because of data limitations). When assessing the potential impacts of all insect and disease agents together, and exotic agents limited to their current extent, plot-level percent IVAR tended to be the highest in the northern Rocky Mountain region, with moderate values widespread throughout the West and in scattered locations in the East (Figure 1a) . When assuming exotic agents will be able to reach the entirety of their host tree species ranges, the potential impacts in the eastern United States increased, particularly in the Northeast (Figure 1b) . Correspondingly, geographic hotspots of high IVAR were limited entirely to the West in the first scenario (Figure 2a) , while hotspots of high IVAR also appeared in the Northeast and Great Lakes States in the second scenario (Figure 2b) . IVAR coldspots were found consistently throughout the Southeastern part of the United States in both scenarios, and in parts of the interior West in the second scenario. ( Figure 1b) . Correspondingly, geographic hotspots of high IVAR were limited entirely to the West in the first scenario (Figure 2a ), while hotspots of high IVAR also appeared in the Northeast and Great Lakes States in the second scenario (Figure 2b ). IVAR coldspots were found consistently throughout the Southeastern part of the United States in both scenarios, and in parts of the interior West in the second scenario. The potential impacts of insects ( Figure 3a) were somewhat greater and more widespread than for diseases (Figure 3b) , though both tended to be higher in the West than in the East. The greatest potential impacts of insects were located in the northern Rocky Mountain region, with scattered additional locations throughout the West. The greatest potential impacts of diseases were mostly limited to the Northwest and Texas. Geographic hotspots of high IVAR values were consistent with ( Figure 1b) . Correspondingly, geographic hotspots of high IVAR were limited entirely to the West in the first scenario (Figure 2a ), while hotspots of high IVAR also appeared in the Northeast and Great Lakes States in the second scenario (Figure 2b ). IVAR coldspots were found consistently throughout the Southeastern part of the United States in both scenarios, and in parts of the interior West in the second scenario. The potential impacts of insects ( Figure 3a) were somewhat greater and more widespread than for diseases (Figure 3b) , though both tended to be higher in the West than in the East. The greatest potential impacts of insects were located in the northern Rocky Mountain region, with scattered additional locations throughout the West. The greatest potential impacts of diseases were mostly limited to the Northwest and Texas. Geographic hotspots of high IVAR values were consistent with The potential impacts of insects ( Figure 3a) were somewhat greater and more widespread than for diseases (Figure 3b) , though both tended to be higher in the West than in the East. The greatest potential impacts of insects were located in the northern Rocky Mountain region, with scattered additional locations throughout the West. The greatest potential impacts of diseases were mostly limited to the Northwest and Texas. Geographic hotspots of high IVAR values were consistent with these results, while hotspots of low IVAR values were widespread across the Southeast and scattered in the North for both insects and diseases, with additional areas in the southern Rocky Mountains for diseases ( Figure S1 ). these results, while hotspots of low IVAR values were widespread across the Southeast and scattered in the North for both insects and diseases, with additional areas in the southern Rocky Mountains for diseases ( Figure S1 ). The potential impacts of native insects were considerably higher and more widespread than for exotic insects, with native insects having the greatest potential impact throughout much of the West and exotic insects limited mostly to the Northeast, the Gulf Coast of Texas and Louisiana, and locations in the northern Rocky Mountains ( Figure S2 ). The hotspot analyses highlight these geographic differences (Figure 4) . Among insect guilds, wood-borers were associated with the highest potential impact, located throughout much of the West, while the potential impacts from sapfeeders and foliage-feeders were much lower ( Figure S3 ). Hotspots of high potential impacts from wood-borers were detected throughout much of the Northwest and Rocky Mountains; sap-feeder hotspots were isolated to the Northeast, northern Rocky Mountains and Gulf Coast; and foliagefeeder hotspots were detected around the Great Lakes, parts of the Northeast, along the Gulf Coast, and in the Northwest ( Figure S4 ). The potential impacts of native insects were considerably higher and more widespread than for exotic insects, with native insects having the greatest potential impact throughout much of the West and exotic insects limited mostly to the Northeast, the Gulf Coast of Texas and Louisiana, and locations in the northern Rocky Mountains ( Figure S2 ). The hotspot analyses highlight these geographic differences (Figure 4) . Among insect guilds, wood-borers were associated with the highest potential impact, located throughout much of the West, while the potential impacts from sap-feeders and foliage-feeders were much lower ( Figure S3 ). Hotspots of high potential impacts from wood-borers were detected throughout much of the Northwest and Rocky Mountains; sap-feeder hotspots were isolated to the Northeast, northern Rocky Mountains and Gulf Coast; and foliage-feeder hotspots were detected around the Great Lakes, parts of the Northeast, along the Gulf Coast, and in the Northwest ( Figure S4 ). these results, while hotspots of low IVAR values were widespread across the Southeast and scattered in the North for both insects and diseases, with additional areas in the southern Rocky Mountains for diseases ( Figure S1 ). The potential impacts of native insects were considerably higher and more widespread than for exotic insects, with native insects having the greatest potential impact throughout much of the West and exotic insects limited mostly to the Northeast, the Gulf Coast of Texas and Louisiana, and locations in the northern Rocky Mountains ( Figure S2 ). The hotspot analyses highlight these geographic differences (Figure 4) . Among insect guilds, wood-borers were associated with the highest potential impact, located throughout much of the West, while the potential impacts from sapfeeders and foliage-feeders were much lower ( Figure S3 ). Hotspots of high potential impacts from wood-borers were detected throughout much of the Northwest and Rocky Mountains; sap-feeder hotspots were isolated to the Northeast, northern Rocky Mountains and Gulf Coast; and foliagefeeder hotspots were detected around the Great Lakes, parts of the Northeast, along the Gulf Coast, and in the Northwest ( Figure S4 ). 
Discussion
Insect and disease agents have significant and extensive impacts on the ecological and economic services provided by North American forests. Invasive insects and diseases, in particular, extensively damage the biodiversity, ecology and economy of affected areas [51] [52] [53] . In an effort to characterize the impacts of pests on the forests of the continental United States, we identified the most important insect and disease agents affecting 419 native North American tree species and then mapped their potential impacts on forest ecosystems. We found that slightly more than half of the host tree species (228) are infested by an exotic pest, and that the average severity of host tree interactions with these invasive species was considerably greater than for native pests. About 80 percent of tree species are affected by at least one disease agent and 75 percent by an insect, with diseases having more severe impacts on average. Among insects, phloem-or wood-borers have the most widespread and severe impacts across host species, impacting more than half. Within a geospatial context, we detected markedly different patterns of potential impacts for exotic versus native insects, and for insects compared to diseases. We also identified notable regional differences, with high potential impacts on the less-diverse forests of the West, mainly by native insect and disease agents. Meanwhile, non-native agents are likely to have a greater impact in the East, where their potential impacts could expand dramatically if they are able to infest the entirety of their hosts' ranges in this part of the country.
Assembling information about the severity of insect and disease agents with the greatest impacts on native host tree species is an important step in conservation decision-making relating to those tree species. Specifically, these data represent essential inputs in analyses to characterize and prioritize the vulnerability of native tree species to one of the principal threats to their long-term persistence on the landscape. Such an assessment, which accounts for the sensitivity and adaptive capacity of the host species as well as their exposure to the threat [54] , was recently completed to categorize the vulnerability of 339 native United States tree species to climate change [28] . An assessment focused on the insect and disease threats to tree species in the region could identify and prioritize the species facing the most dramatic reductions in population size as a result of their sensitivity and lack of adaptive capacity to an insect or disease epidemic. These native tree species are likely candidates for intra and inter-specific resistance breeding efforts, and for efforts to identify resistance genes for introduction into the most highly threatened host tree species [55] . These are likely to include species in families with the highest mean severities to exotic insects and diseases: Oleaceae (particularly ashes When combined with forest inventory datasets, as in this set of analyses, the host tree/agent severity information additionally can provide the foundation for regional assessments of the potential impacts associated with insect and disease agents. We have done this in a relatively straightforward fashion, but more complex analyses could intersect both the insect and disease severity data and the FIA data with aerially collected spatial locations of forest insect and disease damage [56] to estimate the recent loss of plot-level importance value or tree basal area. Such snapshots, as well as projections of future conditions, may be useful for regular national renewable forest resources reporting efforts including the Resources Planning Act (RPA) Assessment [57, 58] and the National Report on Sustainable Forests [59, 60] . A central objective of these reports is to assess the degree to which the 304 million hectares of forest in the United States [61] are able to continue to meet their capacity to provide a broad range of goods and services to current and future generations, to safeguard biological diversity, and to contribute to the resilience of ecosystems and economies [59] .
The results of the current spatial assessment of potential forest impacts strongly delineates U.S. regional differences in the types and extent of impacts from insect and disease agents. The forests of the eastern United States, particularly the Northeast, host the highest diversity of pests [62] , but the forests of the West appear to be more impacted by their relatively smaller suite of insect and disease agents because of the lower diversity of forests in this region (Figures 1 and 3) . In recent years, for example, a mountain pine beetle (Dendroctonus ponderosae Hopkins) epidemic has resulted in between 0.5 and 5.4 million ha of mortality in the western conterminous United States, which will have long-term ecological effects on these forests [63] . This native bark beetle generally persists in low levels until favorable weather conditions increase larval survival and allow populations to escape local regulation, attain very high densities and spread to nearby areas; local increases in population and migration act together to create widespread epidemic populations [64, 65] that can affect most pine species in the region [66] . Given the native status of many of the most severe insect and disease agents affecting western U.S. forests, managers, pathologists and entomologists face the challenge of distinguishing between natural and excessive levels of mortality, a task often informed by ecologically-based or commodity-based management objectives [67] . In fact, the changes in forest structure and function, species succession and biodiversity caused by insects and diseases may be considered either negative or positive depending on management goals [68] . As an additional complicating factor for making decisions about the management of forests, changing climate conditions are expected to affect the ways in which native disease and insect agents disturb North American forests by altering the spatial distribution and abundance of these pests, as well as the ability of trees to protect themselves [69, 70] .
The forests of the East, meanwhile, have greater exposure to non-native pest species, particularly insects, than do the forests of the West ( Figure S2, Figure 4 ). The impact of the existing exotic insects and diseases could intensify markedly across much of the East in coming decades as these agents spread to infest susceptible hosts that they have yet to reach. While these existing exotic insects and diseases are already seriously imperiling the integrity of natural, urban and plantation forest ecosystems and the services they provide [71] , it is essential to underscore that newly introduced diseases and insects are almost certain to add to the existing impacts on native trees and forests. The historical establishment rate of approximately 2.5 non-native forest insect or disease agents per year into the United States, with about 14 percent of agents causing apparent damage to trees [72] , may continue more or less unabated [73] . Policies are in place to prevent the accidental importation of non-native forest pests, but extensive international trade is likely to result in many additional establishments, including some causing negative ecological and economic impacts [1] . In fact, Aukema et al. [74] in 2011 estimated a 32 percent chance that another highly destructive borer species would invade the United States by 2022, joining emerald ash borer and Asian longhorned beetle, among others. Thus, the predicted forest impacts we report here may represent only a base level of potential future effects as new insect and disease agents are established in and spread across the United States. It would be prudent, therefore, to regularly update information on both the identity and severity of the most important insect and disease agents affecting U.S. tree species, and to reassess the potential forest impacts of these pests.
Additional future work should move beyond this single snapshot in time to project potential future impacts to forests by incorporating tree mortality from pest agents, along with regeneration, growth and succession, into simulations of forest composition structure [75] . Such models could also integrate changing climate conditions and forest management options [76, 77] and could account for the arrival, spread and survival of invasive pest species into uninvaded areas [78] . At broad scales, the results could be particularly informative to future species-level conservation assessments of species most vulnerable to a variety of threats to their persistence. At finer scales, they could help guide specific management strategies needed to achieve particular objectives, such as carbon sequestration or biodiversity maintenance or harvest for dimension-wood or pulp.
Conclusions
We identified the most serious insect and disease threats to each of 419 tree species native to the conterminous 48 United States. This list encompasses 339 distinct agents and 1378 tree host and insect/disease combinations. The numbers of disease and insect agents were similar (170 and 150, respectively, along with 20 parasitic plants), with at least 55 of these being exotic species introduced to North America. On average, diseases were more severe than insect pests, and exotic agents were more severe than native ones. Phloem-and wood-borers were the most severe exotic insects.
By combining the information from this list with a national-scale, spatially unbiased forest inventory, we were able to assess the potential ecological impacts of important forest insects and diseases within a geospatial context. Specifically, we calculated estimates of importance value at risk (IVAR) separately across all agents, for the three taxonomic groups (insects, diseases, and parasitic plants), for exotic versus native insects, and for insect feeding guilds. We found that, in general, the potential impacts of insects and diseases were greater in the West, which has both fewer pest agents and fewer native tree species. At the same time, the potential impact of exotic invasive agents was greater in the East and, in fact, could intensify across the region if these agents are able to infest the entire ranges of their susceptible hosts. Such broad-scale assessments, which include results relevant to finer-scale decision-making, offer a useful approach for identifying geographic areas where monitoring and management activities are most needed and potentially most effective. These findings, however, are not able to account for the introduction of future damaging insect and disease agents via international trade, and only encompass the most serious pests affecting mature trees of the forest tree species native to North America. The results therefore may represent an underestimate of the potential impacts of forest pests, particularly in the future. Comprehensive assessments of ecological risk impacts to the forests of the United States should incorporate predictions of possible insect and disease effects, similar to those described here, along with the predicted impacts of other important threats including climate change, wildfire, and competition by non-native invasive plants.
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